To obtain a comprehensive profile of the age related changes of the antioxidant enzyme system in dis crete brain regions (cortex, caudate-putamen, substantia nigra, thalamus), the present study involved practically the total life span of male Wi star rats (from 5 to 35 months of age). The activities of both glucose-6-phosphate dehy drogenase and 6-phosphogluconate dehydrogenase in crease from 5 to 25 months of life and remain relatively constant or decrease scantily thereafter. In thalamus, the activity of total superoxide dismutase (SOD) increases from 5 to 20 months of rat life and decreases thereafter. Conversely, in both substantia nigra and caudate putamen, enzyme activity declines steadily with age, while in parietotemporal cortex enzyme activity deterio rates from the 25th month onward. In both caudate putamen and parietotemporal cortex, the activity of glu tathione peroxidase increases from 5 to 20 months of life and remains relatively constant thereafter, while in sub stantia nigra the enzyme activity is practically unmodified during the life span. Furthermore, the activity of gluta-
The cerebral oxidized/reduced glutathione sys tem plays a predominant role in protecting nervous cells against the toxic action of both partially re duced oxygen intermediates and lipid hydroperox ides that can be formed from unsaturated fatty ac ids. The marked presence of polyunsaturated fatty acids in brain may make it particularly vulnerable to lipid peroxidative attack, causing age-related cross linking of lipids and proteins (Leibovitz and Siegel, 1980; Logani and Davies, 1980) and, both within the membrane and within the cytoplasm, appearance of lipofuscin pigments (Tappel, 1975; Lyman et aI., 1981; Papafrangos and Lyman, 1982; Sohal and Wolfe, 1986) . thione reductase in parietotemporal cortex declines from the 20th month onward, while in caudate-putamen and thalamus, enzyme activity deteriorates after an increase from 5 to 20 months of life. The interference of phosphati dylcholine and/or its metabolite(s) with the cerebral en zyme antioxidant system shows a characteristic specific ity as regards both the time of onset and the enzyme activities involved, namely, SOD and glutathione reduc tase. The interference with SOD is related to the cytosolic form of the enzyme and affects the cortex only of 5month-old animals and also extends to the thalamus of I5-month-old rats and all regions in 25-month-old ones. The interference of phosphatidylcholine and/or its metab olite(s) with glutathione reductase is found in the brain of 25-month-old rats. Key Words: Aging-Cerebral antioxi dant enzymes-Enzyme regional distribution Glucose-6-phosphate dehydrogenase-Glutathione per oxidase and reductase-Phosphatidylcholine-6-Phosphogluconate dehydrogenase-Superoxide dismutase.
The turnover of the glutathione system is directly or indirectly modulated by many enzymes function ing in strict connection (Fig. 1) , which should be analyzed at the same time to depict the potential activity of the system. In fact, glutathione peroxi dase utilizes reduced glutathione to bring about the reduction of both hydrogen peroxide and organic hydroperoxides. The oxidized glutathione formed must be converted by NADPH-dependent glutathi one reductase to reduced glutathione to sustain con tinued glutathione peroxidase activity. The reduc ing equivalents of NADPH are provided through the activity of both glucose-6-phosphate dehydro genase and 6-phosphogluconate dehydrogenase linked to the hexose monophosphate shunt.
Hydrogen peroxide is produced from the super oxide anion in a reaction catalyzed by superoxide dismutase (SOD) ( Fig. O . Hydrogen peroxide may be reduced to water by glutathione peroxidase in a 1 e-+ 1 H+ r-----------hYdr oXyl radical .OH 2 H2 0 .-4----1.
MFe reaction counteracting the low molecular weight iron or copper complexes catalyzing the conversion of hydrogen peroxide to the harmful, highly reac tive hydroxyl radical. In fact, the hydroxyl radical reacts at great speed with DNA, causing strand breakage and base modification, and/or attacks the fatty acid side chains, triggering the process of lipid peroxidation.
of the antioxidant enzyme system as a function of age.
Alteration in cerebral levels of phospholipids, namely, phosphatidylcholine and phosphatidyleth anolamine, is implicated in age-related changes in brain structure and function. A significant age related decrease in the rate of synthesis of both choline and ethanolamine glycerophospholipids takes place in the brain (Gaiti et aI. , 1982a,b) . The resulting increase in the cholesterol-to-phospholipid molar ratio induces an age-dependent increase in cerebral membrane viscosity (Sun and Sun, 1979) , and these changes are associated with behavioral dysfunctions (Lippa et al., 1980; Strong et al. , 1980) . The phosphatidylcholine fraction consists of a highly diverse collection of specific molecular species, with varying patterns of unsaturation and chain length in the attached fatty acids. Phosphati dylcholine is one of the major constituents of cell membranes and also appears in lipoproteins. Fur thermore, phosphatidylcholine is one of the major The decrease in cerebral antioxidant defenses has been implicated in the damage to cerebral tissue induced by aging (Harman, 1956 (Harman, , 1957 . However, until relatively recently, comprehensive research on mammals as regards the age-related modifica tions of the cerebral regional distribution of the above-cited antioxidant enzymes (glutathione oxi dase and reductase, glucose-6-phosphate dehydro genase, 6-phosphogluconate dehydrogenase, SOD) had been quite minimal (Mizuno and Ohta, 1986; Del Maestro and McDonald, 1987) . Hence, the pri mary purpose of the present study was to evaluate the brain's regional distribution of the components sources of arachidonic acid, which serves as a pre cursor for the fo rmation of prostaglandins, leuko trienes, and other substances linked to the above cited peroxidation processes.
Interest in the age-related influence of phosphati dylcholine in the cerebral antioxidant enzyme sys tem has been absent. Hence, the second goal of the present research was to investigate changes in duced during aging by chronic treatment with phos phatidylcholine on the cerebral regional distribution of the participants in the antioxidant enzyme sys tem.
MATERIALS AND METHODS

Animals
The experiments were carried out on male Wistar rats (lffa-Credo, Lyon) aged 5, 10, 15, 20, 25, 30, or 35 months. The animals were kept under constant environ mental conditions (temperature 22 ± 1°C; relative humid ity 60 ± 5%; circadian rhythm 12-h light and 12-h dark) and fed normal laboratory diet as pellets, with water ad libitum.
Experimental plan
Seven groups of five control "untreated" rats aged 3, 8, 13, 18, 23, 28, and 33 months were analyzed after 2 months of maintenance under standard environmental conditions without any treatment. The reference group in relation to age was represented by 5-month-old rats.
Six groups of five "treated" rats aged 3, 13, and 23 months were analyzed after treatment for 2 months with saline solution or phosphatidylcholine. Phosphatidylcho line (EPL-polyunsaturated soybean phospholipid mate rial) was administered between 9:00 and 10:30 a.m., 7 days a week, per os in a dose of 100 mg . kg -1. The dose was within the range used experimentally to characterize the action of the substance tested. The initial allocation of rats to the different groups was made randomly.
Analytical technique
At the scheduled time, the rats were killed by decapi tation between 9:00 and 10:30 a.m. (24 h after the last administration in the treated animals). The brain of each animal was quickly removed (15 s) and immersed in a cold 0.32 M sucrose solution. The dissection of the brain areas (Glowinski and Iversen, 1961) was performed in a pre cooled ( -5°C) box, and the following four regions were utilized: parietotemporal cortex, caudate-putamen, sub stantia nigra, and thalamus.
After sample preparation and homogenization (Mizuno and Ohta, 1986) , the following enzyme activities were evaluated: total SOD, expressed as units per milligram protein, where 1 U = amount of enzyme activity produc ing 50% reduction of epinephrine oxidation (Misra and Fridovich, 1972; Sun and Zigman, 1978) [for the assay of Mn-SOD activity, 1 mM KCN was added to the incuba tion mixture to inhibit Cu-Zn-SOD activity (Crapo et aI., 1978; Chan et aI., 1987) ]; glutathione peroxidase (Paglia and Valentine, 1967) and glutathione reductase (Mizuno, 1984) , expressed as nanomoles NADPH oxidized per minute per milligram protein; and glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase (King et aI., 1981) 
Statistical analysis
Two statistical tests (analysis of variance and Dun nett's test) were applied to the results (p < 0.01), after checking the homogeneity of variance by the Bartlett test.
In Results, the age-related changes in enzyme activities are expressed in comparison with the data from 5month-old rats.
RESULTS
The activity of glucose-6-phosphate dehydroge nase (Fig. 2) in thalamus from 5-month-old rats was � 18% higher than that measured in substantia nigra and � 40 and 68% higher than that found in caudate putamen and parietotemporal cortex, respectively. Excepting the thalamus, in the other regions tested the enzyme activity increased from 5 to 25 months of life and remained relatively constant thereafter. The enzyme activity was always unaffected by the phosphatidylcholine treatment (Fig. 3) .
The 6-phosphogluconate dehydrogenase activity (Fig. 2) in 5-month-old rats was highest in the sub stantia nigra, followed by the thalamus, and lowest in the caudate-putamen and parietotemporal cortex.
In the various brain regions tested, the enzyme ac tivity increased from 5 to 25 months of rat life and decreased thereafter. The chronic treatment with phosphatidylcholine was always ineffective (Fig. 3) .
The activity of total SOD (Fig. 2 ) was higher in substantia nigra and caudate-putamen than that in thalamus and parietotemporal cortex from 5month-old animals. The enzyme activity in both substantia nigra and caudate-putamen deteriorated steadily and sharply with age. A small age-related increase in SOD activity was observed in thalamus from 5 to 20 months of age, with a subsequent de cline with aging. Enzyme activity deteriorated in parietotemporal cortex from the 25th month on ward.
Chronic treatment with phosphatidylcholine was effective on the total SOD activity in the cortex from 5-month-old rats, but ineffective in the other brain regions tested (Fig. 3) . In I5-month-old rats, phosphatidylcholine increased enzyme activity by �20-25% in parietotemporal cortex and thalamus, but was ineffective in caudate-putamen and substan tia nigra. Finally, in 25-month-old rats, chronic treatment with phosphatidylcholine induced an in crease in the total SOD activity by �25-35% in all the brain areas tested. The activity of cytosolic Cu- Zn-SOD was increased significantly in the brain re gions from 25-month-old phosphatidylcholine treated rats, the mitochondrial Mn-SOD activity al ways being unaffected (Fig. 4) . The activity of glutathione peroxidase (Fig. 2) in the substantia nigra from 5-month-old rats was �20% higher than that in caudate-putamen and �32 and 54% higher than that observed in thalamus and parietotemporal cortex, respectively. In both sub stantia nigra and thalamus, the enzyme activity re mained relatively constant or slightly decreased during the life span, while in both caudate-putamen and parietotemporal cortex, glutathione peroxidase activity increased from 5 to 20 months of life and J Ce,eb Blood Flow Me/ab, Vol. 9, No. 3, 1989 remained relatively constant thereafter. The chronic treatment with phosphatidylcholine ( Fig. 3) was always ineffective.
The activity of glutathione reductase (Fig. 2) in caudate-putamen and substantia nigra from 5month-old rats was higher than that in parietotem poral cortex and thalamus. In parietotemporal cor tex the enzyme activity declined from the 20th month onward. In both caudate-putamen and thal amus, glutathione reductase activity increased from 5 to 20 months of life and declined markedly there after. Chronic treatment with phosphatidylcholine ( Fig. 3) was characterized by a 28-30% increase in glutathione reductase activity in caudate-putamen FIG. 3. Activity of glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehy drogenase, total superoxide dismutase, glutathione perox idase, glutathione reductase, and the redox index, evalu ated in parietotemporal cortex (CT), caudate-putamen (CP), substantia nigra (SN). and thalamus (TH) from rats aged 5, 15, and 25 months treated for 2 months with saline solu tion or phosphatidylcholine. Each column represents the mean ± SEM, n = 5. S, differs from saline solution-treated rats (p < 0.01). thalamus from 25-month-old rats, phosphatidylcho line chronic administration increased the enzyme redox index (Fig. 3) . In 5-month-old rats, the enzyme redox index of the glutathione peroxidase/reductase system (Fig.  2) was highest in parietotemporal cortex, followed by caudate-putamen and thalamus, and lowest in substantia nigra. In parietotemporal cortex, the re dox index steadily declined with age, while in the thalamus its value increased from 5 to 20-25 months of life, with subsequent decline. In caudate putamen, the enzyme redox index remained un changed from 5 to 20 months of life and markedly declined thereafter. In both caudate-putamen from 15-month-old rats and parietotemporal cortex and DISCUSSION From maturity to death, the total amount of en ergy utilized per gram body weight by five different mammalian species (horse, cow, dog, cat, and guinea pig) is relatively similar (ranging from 170 to 226 kcal) (Rubner, 1908) , whereas the life spans of these animals exhibit up to fivefold differences. On the basis of further studies (Loeb and Northrop, 1917; Pearl, 1922 Pearl, , 1928 Alpatov and Pearl, 1929) , the expression of "rate of living" was introduced Cu-Zn-SOO (Cyt), and mitochondrial Mn-SOO (Mit), evalu ated in four brain regions (parietotemporal cortex, caudate putamen, substantia nigra, thalamus) from rats aged 25 months treated for 2 months with saline solution or phos phatidylcholine (Phosph-ch). SOD, superoxide dismutase. Each column represents the mean ± SEM, n = 5. S, differs from saline solution-treated rats (p < 0.01). and the theory named after it was proposed. As originally stated, this theory postulates that living matter expends a discrete amount of biological en ergy during life and that the duration of life is de termined by the time spent to transform this energy. Contrary to Rubner's assumption, three separate categories of metabolic potential in mammals are reported (Cutler, 1984) . Nonprimate mammals ex pend �200, nonhuman primates �4()(), and humans �800 kcal . g body weight -1 per life span. How ever, within each of these categories, the basal met abolic rate is apparently inversely related to species life span, supporting the rate-of-living theory.
A variety of studies indicate that the rate of lipo fuscin accumulation is dependent on metabolic rate, oxygen radical production, and the rate of aging (Friede, 1962; Kny, 1937; Sohal and Donato, 1979; Sohal, 1981; Miquel et aI., 1975; Papafrangos and Lyman, 1982; Thaw et aI., 1984) . The age-related oxygen free radical interaction with cellular struc tures induces polyunsaturated lipid peroxidation, which is detectable by the production of thiobarbi turic acid-reactive material (Tappel, 1975; Basson et aI., 1982) . Alkane production increases with age (Sagai and Ishinose, 1980) , suggesting an increased vulnerability to free radical-induced damage as a function of age. In fact, exhalation of ethane and n-pentane (scission products of w-3 and w-6 polyun saturated fatty acids) is a sensitive indicator of in vivo lipid peroxidation (Wendel and Dumelin, 1981; Riley et aI., 1974) .
Animals with highest life span energy potential values may be more resistant to the harmful effects of oxygen free radicals because of the presence of effective antioxidant enzyme systems in relation to J Cereb Blood Flow Metab, Vol. 9, No. 3, 1989 their metabolic rate. In fact, SOD (Tolmasoff et aI., 1980) was found to be positively correlated with life span energy potential, while glutathione peroxidase and S-transferases were negatively correlated (Cut ler, 1984) .
The present study involves practically the total life span of the rats. This was to ensure a compre hensive profile of the changes of the cerebral an tioxidant enzyme system with age. The activities of both glucose-6-phosphate dehydrogenase and 6phosphogluconate dehydrogenase increase from 5 to 25 months of life and remain relatively constant or decrease only very slightly thereafter. The age related increase in the activity of both glucose-6-phosphate dehydrogenase and 6-phosphoglu conate dehydrogenase can modify the NADPH availability for the glutathione system and counter act processes leading to peroxidative damage.
In both substantia nigra and caudate-putamen, the total SOD activity steadily declines with age, while in thalamus enzyme activity increases from 5 to 20 months of rat life and decreases thereafter. Conversely, in parietotemporal cortex, enzyme ac tivity deteriorates from the 25th month onward. The different age-related profiles of SOD activity with age in the discrete brain regions could explain the controversial data in the literature (Kellog and Fri dovich, 1976; Mizuno and Ohta, 1986; Loomis et aI., 1976; Danh et aI., 1983) .
In both caudate-putamen and parietotemporal cortex, the activity of glutathione peroxidase in creases from 5 to 20 months of life and remains relatively constant thereafter, while in substantia nigra and thalamus, enzyme activity is unmodified or slightly decreased during the life span. Further more, the activity of glutathione reductase in pari etotemporal cortex declines from the 20th month onward, while in both caudate-putamen and thala mus, enzyme activity deteriorates after an increase from 5 to 20 months of life.
The redox index of the glutathione enzyme sys tem declines sharply and steadily with age in the parietotemporal cortex, while in the other brain re gions tested, it deteriorates from the 20-25th month onward. Hence, the discrete brain regions exhibit a different profile on the enzyme redox index to age.
The interference of phosphatidylcholine and/or its metabolite(s) with the cerebral enzyme antioxi dant system shows a characteristic specificity as regards both the time of onset and the enzyme ac tivities involved, namely, SOD and glutathione re ductase (and, obviously, the enzyme redox index). The interference of phosphatidylcholine and/or its metabolite(s) with glutathione reductase and the en zyme redox index is found particularly in the brain of 25-month-old rats. Interference with total SOD aff ects only the cortex of 5-month-old animals and also extends to the thalamus of 15-month-old rats and all regions in 25-month-old rats.
Although the importance of phosphatidylcholine for the structure and function of the membranes is known, in this study the subcellular target site clearly lies in the cytosol. Glutathione reductase is a cytosolic enzyme, and the interference with SOD concerns only the cytosolic form of the enzyme. These facts stress the modulating role that phos phatidylcholine and/or its metabolite(s) may have on extramembrane structures. The molecular mech anism of this action is so far unknown, but it cannot be excluded that the effects may be mediated by the interference of some cellular membrane constitu ents.
Choline-labeled phosphatidylcholine is largely absorbed throughout the jejunum and the amount of lymphatic transport of the radioactivity is 17% at 8 h after oral administration. Furthermore, the liver of lymph-cannulated rats contains 23% radioactiv ity, suggesting that base moieties of phospholipid may also be transported via a nonlymphatic route, probably the portal vein (Ikeda et aI. , 1987) . How ever, in the present study, it is impossible to dis criminate whether all phosphatidylcholine arrives at the brain as a result of oral administration or whether some might not be a metabolic product, e.g., free choline, that interacts with the enzyme systems studied.
In conclusion, the present article shows that the potential activity of the enzyme antioxidant system is highly dependent on the cerebral region and the age considered. Also interference with molecules with high biological interest, such as phosphatidyl choline and/or its metabolite(s), is strongly differ entiated according to the cerebral region and age of the animals. For this reason, with regards to the enzyme antioxidant system, it may be appropriate to replace the wording "aging of the brain" with "aging of a discrete brain region. " This could be significant for· pharmacological studies.
